Intriguingly, additional AZ molecules, including Syninto the synaptic cleft. This region is characterized ultrataxin, SNAP25, and N-cadherin, were found on this vesistructurally as an electron dense meshwork of cytoskelcle. As both Piccolo and Bassoon clusters were found etal filaments that are intimately associated with the at nascent synapses as soon as these displayed a capacity for activity-dependent recycling of SVs (Vardinon-
croscopy, we sought to confirm the presence of specific were used to immunoisolate PTVs from E18 light membrane fractions. The beads were then treated with either AZ proteins on PTVs by electron microscopy (EM). To this end, Piccolo antibodies coupled to magnetic beads synaptophysin, Bassoon, RIM, or Munc18 antibodies ters. Moreover, these vesicles were selectively decorated with antibodies against Bassoon, RIM, and Munc18 but not by antibodies against synaptophysin, confirming that PTVs carry these critical AZ proteins. In summary, these findings show that PTVs carry a comprehensive set of AZ molecules, providing further support to the hypothesis that the PTV constitutes an important form of an AZ precursor vesicle. In order to study the dynamics of PTVs inside living neurons, we expressed Bassoon tagged with green fluorescent protein (GFP) in cultured hippocampal neurons. To this end, we used a construct in which GFP was fused to amino acid 609 of Bassoon (GFP-Bsn609-3938).
Axons Contain Highly

This slightly truncated version of Bassoon is recruited effectively to presynapses, and its behavior is practically indistinguishable from that of endogenous Bassoon (T.D. and E.D.G., unpublished data and see below)
. Hippocampal neuronal cultures were transfected with GFPBsn609-3938 at 6 DIV and observed at days 8-11, the period at which peak rates of synaptogenesis occur in our preparations. GFP-Bsn609-3938 displayed an expression pattern consisting of fluorescent puncta of various sizes scattered along long and thin processes, presumably axons. To verify that GFP-Bsn609-3938 was not highly overexpressed, Bsn609-3938-expressing neurons were fixed and immunolabeled against Bassoon. Quantitative analysis revealed that the fluorescence intensities of Bassoon puncta in neurons expressing GFP-Bsn609-3938 were only 22% on average higher than those in neurons not expressing the exogenous molecule, suggesting that Bassoon overexpression lev- 
of focal drift.
Three populations of GFP-Bsn609-3938 puncta that differed in their mobility characteristics were observed: followed by secondary antibodies coupled to 5 nm gold particles. The beads were then fixed and processed for (1) bright, relatively stationary puncta; (2) very mobile, dimmer puncta (maximal velocities Ͼ 0.35 m/s); and EM. As shown in Figure 1D , beads coated with Piccolo antibodies, unlike beads coated with control IgG, isolate (3) puncta that displayed moderate rates of movement (maximal velocities ‫1.0ف‬ m/s). Similar to nonsynaptic vesicles ‫08ف(‬ nm in diameter) with electron dense cen- , the mobile GFP-Bsn609-3938 puncta moved Figure 3 , most of the larger, brighter, and stationary GFP-Bsn609-3938 puncta colocalized with FM 4-64-in both directions, sometimes stopping, occasionally splitting into smaller puncta or coalescing into less molabeled puncta. The functional presynaptic identity of these puncta is further supported by the finding that bile larger clusters.
One time-lapse series is shown in Figure 3 . Here many electrical stimulation (120 s at 10 Hz) led to FM 4-64 release from these sites. Conversely, the dimmer, dimmer and smaller GFP-Bsn609-3938 puncta are shown to move along axons in both directions, while smaller, and mobile puncta did not appear to be associated with FM 4-64-labeled puncta, indicating that these the brighter and apparently larger GFP-Bsn609-3938 puncta appear quite stationary. In this experiment, funchighly dynamic GFP-Bsn609-3938 puncta were nonsynaptic. tional presynaptic boutons were colabeled with FM 4-64 3938 clusters, revealed that GFP-Bsn609-3938 clusters not associated with Synapsin I were much more mobile than those associated with Synapsin I (Figure 4B ). Furthermore, even though we were not able to quantify the mobility of the fastest GFP-Bsn609-3938 clusters, retrospective immunohistochemical analysis clearly showed that these were practically always Synapsin I negative.
In summary, nonsynaptic GFP-Bsn609-3938 puncta display mobility characteristics typical of transport vesicles, strongly indicating that PTVs are bona fide transport particles. orescence intensity histograms were prepared for each population (synaptic and nonsynaptic). This analysis Here, neurons expressing GFP-Bsn609-3938 were followed for 3 min at 15 s intervals. The preparations were was performed separately for each culture dish (n Ͼ 8) in order to reduce variability arising from sources such fixed immediately after the last image was obtained and immunolabeled for Bassoon and Synapsin I ( Figure 4A ). as slight differences in antibody concentrations and fixation conditions. Most experiments were performed at Then each cluster was categorized as synaptic or nonsynaptic according to its colocalization with Synapsin days 8-11 in vitro, as peak rates of synaptogenesis are observed in our preparations during this period, while I. We then attempted to quantify the velocity of each cluster by analyzing time-lapse images obtained prior synaptic density is low enough to perform colocalization analyses with a high level of confidence. Some experito fixation. This proved to be a rather difficult task, as we could not reliably track many of the most mobile ments were performed on less mature preparations, however, to examine age-dependent effects. gests that, on average, synaptic Bassoon and Piccolo 55%, 40%, and 5%, of presynaptic boutons, respectively; Bassoon, 9 DIV: two, three, and four units-52%, puncta are brighter than nonsynaptic puncta but only by a factor of ‫2ف‬ (mean synaptic/mean nonsynaptic ϭ 45%, and 3%; Piccolo, 7 DIV: two, three, and four units-80%, 20%, 0%). It should be noted that reasonable fits 1.972, 1.974, and 1. 967 for data in Figures 5C, 5D , and 5F, respectively). could be obtained with slightly different values, but these did not alter the general outcome of this analysis. To further examine the possibility that the Bassoon and Piccolo content of AZs may result from the insertion Additional evidence for unitary relationships between amounts of AZ material carried by PTVs and that found of integer numbers of unitary amounts of Bassoon and Piccolo carried on PTVs, we performed the following at synapses was obtained by performing a similar analysis for the fluorescent intensities of synaptic and nonanalysis: for each data set, we used the immunofluorescence intensity distribution of the nonsynaptic Bassoon/ synaptic GFP-Bsn609-3938. Neurons expressing GFPBsn609-3938 were fixed immediately after time-lapse Piccolo puncta (presumably representing the intensity distribution for single PTVs) to calculate the expected imaging and subsequently immunolabeled for Bassoon and Synapsin I ( Figure 4A ). The fluorescence intensity intensity distribution for pairs, triplets, and so on of PTVs (as shown in Figures 6A-6C for the data of Figure 5 ).
Quantitative Analysis Suggests that
of each GFP-Bsn609-3938 cluster was measured, and each cluster was categorized as synaptic or nonsynaptic Then we attempted to fit these curves to the immunofluorescence intensity distribution of the synaptic populaaccording to its colocalization with Synapsin I. As noted above, synaptic clusters of GFP-Bsn609-3938 appeared tion. As shown in Figures 6D-6I , the best match was obtained when we assumed that the Bassoon and Picto be brighter than nonsynaptic GFP-Bsn609-3938 puncta (mean synaptic to mean nonsynaptic ratio ϭ colo content of most synapses was a multiple of two unitary amounts of nonsynaptic Bassoon and Piccolo, 1.914). As the number of GFP-Bsn609-3938 clusters followed in each experiment was rather small (Figure 7A ), while the rest contained multiples of three and four unitary amounts (Bassoon, 5 DIV: two, three, and four unitsdata from six experiments were pooled together (Figure To this end, histograms of the immunofluocorrelation at synaptic puncta was not much higher (R ϭ 0.51-0.59). In comparison, a colocalization analysis usrescence intensity of synaptic and PTV-associated RIM puncta were generated ( Figure 9B ). Then, a family of ing two different anti-Bassoon antibodies revealed a much higher degree of localization (96%-97%), and a curves was calculated for the expected intensity distributions for multiples of PTV-associated RIM puncta, in stronger correlation between the labeling intensities of the two anti-Bassoon antibodies (R ϭ 0.78-0.82, two a manner identical to that performed for Bassoon and Piccolo in Figures 6A-6C . In parallel, a similar analysis experiments, n ϭ 1020; Figure 8C ). These data suggest that the limited colocalization and immunofluorescence was performed for synaptic and nonsynaptic Bassoon, and the best fit in terms of the fraction of boutons comintensity correlation observed for Bassoon and Piccolo at individual PTVs stems, at least in part, from some posed of one to five PTVs was determined ( Figure 9D ). Finally, these fractions (calculated for Bassoon) were heterogeneity/variability in PTV molecular content.
To evaluate whether PTV molecular heterogeneity is used as weights to generate predicted immunofluorescence distribution curves for synaptic RIM puncta after unique to Piccolo and Bassoon or occurs for other AZ [A] ). Assuming that PTV insertion was random and independent and given that 79% of the nonsynaptic Bassoon puncta were RIM positive in this experiment, the fractions of synapses expected to contain u units of RIM were u ϭ 0, 3%; u ϭ 1, 21%; u ϭ 2, 49%; u ϭ 3, 24%; u ϭ 4, 3% (see Experimental Procedures). (F) These fractions were then used as weights for calculating a weighted sum of the curves in panel (C), resulting in the predicted distribution of synaptic RIM immunofluorescence (black line). Note the good fit with the experimentally measured distribution of synaptic RIM immunofluorescence.
correcting for the experimentally determined fraction of compared to the experimentally obtained distributions of synaptic RIM puncta immunofluorescence intensities RIM-positive Bassoon puncta ( Figure 9E ; see Experimental Procedures for details), and these curves were (as exemplified in Figure 9F ). In all four experiments, the predicted curves agreed very well with the experimental ever, that some puncta within the nonsynaptic Bassoon and Piccolo populations were in fact pairs or triplets of data. Thus, a unitary analysis performed for one PTV molecule (Bassoon) predicts the synaptic distribution of PTVs. This would explain the rightward skewed distribution of intensity histograms generated for these populaa second PTV molecule (RIM) in the same experiment, strongly supporting the hypothesis that these molecules tions and would be consistent with observations in which two GFP-Bsn609-3938 puncta appeared to merge are recruited to synapses together and in unitary fashion.
into single brighter punctum and vice versa. The second assumption we made was that each synaptic cluster represents a single structurally defined acDiscussion tive zone. If, however, a significant number of synaptic Bassoon/Piccolo clusters were located at boutons with We have sought to examine the hypothesis that PTVs multiple AZs or at boutons too close to be separable constitute a major form of AZ precursor vesicles and by light microscopy, the number of PTVs required for that AZs may be assembled from the unitary insertion of the formation of individual AZs would be expected to a small number of PTVs into the presynaptic membrane.
be smaller than our estimates. While this could introduce This hypothesis is supported by several lines of experisome interpretation errors, we believe they are not sigmental evidence. First, PTVs were found to carry many nificant. First, a significant number of overlapping fluo-AZ proteins critically involved in the regulated exorescent puncta were excluded from analysis (see Expericytosis of SVs, including Bassoon, Piccolo, Syntaxin, mental Procedures). Second, EM analysis of synapses RIM, Munc13, Munc18, SNAP25, Rab3a, and N-type calformed in primary cultures of hippocampal neurons simicium channels. Second, time-lapse imaging of GFPlar to those used here suggests that only about 20%-tagged Bassoon revealed that PTVs are highly mobile, 30% of boutons contain more than one AZ (Schikorski consistent with PTVs having a role in intracellular transand Stevens, 1997). Thus, even if some of our data were port of AZ proteins to nascent synapses. Third, quantitaobtained from multiple AZs, this would not be expected tive analysis indicates that PTVs carry a significant fracto introduce major errors in our interpretation. tion of the Bassoon, Piccolo, and RIM content of Our conclusion that AZs can form from the fusion individual synapses. Fourth, the synaptic content of of two to three PTVs is supported by EM analysis of Bassoon and Piccolo can be quantitatively . Traditionally, the quantal nature of a processes is examined by generating amplitude frequency histoeach of these puncta represents a cluster of PTVs cannot be ignored. One way to resolve this issue would be grams for the phenomena in question and scrutinizing them for discrete peaks at integer multiples of the amplito examine the same nonsynaptic puncta at both light microscopy and EM levels. Yet, given the size of PTVs tude of the single quantum. No unambiguous peaks were observed in our analysis, but given the variance and the absence of additional structural markers (such as well formed PSDs), this type of analysis is not trivial in the fluorescence intensities measured for nonsynaptic Bassoon/Piccolo puncta, no such peaks were expected to perform. It is worth noting that previously published EM micrographs suggest that PTVs travel along axons (see Figures 6A-6C) . Some of this variance undoubtedly results from measurement noise and from the quantifias individual vesicles (Zhai et al., 2001) . It is likely, how-cation method used here (indirect immunofluoresthree PTVs into presynaptic sites practically guarantees that most presynaptic sites will contain RIM ( Figure 9A ). cence), yet it is more than likely that some of this variance is genuine (see below). Regardless of the reasons It should be noted, however, that the situation becomes much more complicated when the recruitment of multifor the observed variance, the unit size of active zone material does not appear to be an entirely fixed value. ple presynaptic molecules is considered. Thus further work is necessary to determine if PTV content variability Thus, strictly speaking, presynaptic assembly does not seem to be a classical "quantal" process. Yet, our uniis a key factor in determining the number of PTVs recruited to the presynaptic membrane of nascent syntary analysis is in full agreement with the possibility that synaptic AZs are formed by the insertion of integer apses. At present, the functional consequences of PTV heternumbers of the amounts of Bassoon (Figures 6 and 7) and Piccolo (Figure 6) 
